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ABSTRACT
We report parallaxes and proper motions from the Hawaii Infrared Parallax Program for eight nearby
M dwarf stars with transiting exoplanets discovered by Kepler. We combine our directly measured
distances with mass-luminosity and radius–luminosity relationships to significantly improve constraints
on the host stars’ properties. Our astrometry enables the identification of wide stellar companions
to the planet hosts. Within our limited sample, all the multi-transiting planet hosts (three of three)
appear to be single stars, while nearly all (four of five) of the systems with a single detected planet
have wide stellar companions. By applying strict priors on average stellar density from our updated
radius and mass in our transit fitting analysis, we measure the eccentricity probability distributions for
each transiting planet. Planets in single-star systems tend to have smaller eccentricities than those in
binaries, although this difference is not significant in our small sample. In the case of Kepler-42bcd,
where the eccentricities are known to be '0, we demonstrate that such systems can serve as powerful
tests of M dwarf evolutionary models by working in L? − ρ? space. The transit-fit density for Kepler-
42bcd is inconsistent with model predictions at 2.1σ (22%), but matches more empirical estimates at
0.2σ (2%), consistent with earlier results showing model radii of M dwarfs are underinflated. Gaia will
provide high-precision parallaxes for the entire Kepler M dwarf sample, and TESS will identify more
planets transiting nearby, late-type stars, enabling significant improvements in our understanding of
the eccentricity distribution of small planets and the parameters of late-type dwarfs.
Keywords: binaries: visual — infrared: stars — parallaxes — proper motions — stars: fundamental
parameters — stars: late-type — stars: low-mass – stars: planetary systems — stars:
statistics
1. INTRODUCTION
Accurate and precise fundamental properties of stars,
such as mass, radius, and luminosity, are critical for de-
termining accurate and precise fundamental properties of
orbiting planets. A stellar radius is needed to derive both
the planetary radius and semi-major axis from transit ob-
servables, stellar luminosity is critical to constrain planet
insolation, and stellar mass is required to determine the
planetary mass from radial velocity observations. In the
case of precision radial velocity or transit measurements,
or stars unlike the Sun, planet properties are often limited
by our understanding of their host star (e.g., Bastien et al.
2014; Huber et al. 2014; Biddle et al. 2014).
There are a wide range of methods to measure stellar
properties. Photometry alone provides a reasonable esti-
mate of stellar effective temperature, and metallicity for
Sun-like stars (e.g., Casagrande et al. 2011). This can be
combined with assumptions about a star’s evolutionary
state based on, for example, the reduced proper motion,
to provide an accurate but imprecise estimate for the
stellar mass and radius (Lépine & Gaidos 2011; Huber
et al. 2016). Spectroscopy provides further information:
more accurate determination of effective temperature and
metallicity, as well as means to estimate stellar surface
gravity, all of which further reduce errors on the stellar ra-
dius, luminosity, and mass (e.g., Brewer et al. 2015). For
warm and/or evolved stars with precision light curves,
asteroseismology can probe a star’s internal structure
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2through seismic oscillations, yielding some of the most
precise stellar radii and masses available (e.g., Huber et al.
2013; Silva Aguirre et al. 2015).
In the absence of direct mass and radius measurements,
and for stars where asteroseismology is impractical or im-
possible, parallaxes provide the more accurate means to
determine stellar parameters. When combined with multi-
band photometry, parallaxes provide a measurement of
a star’s intrinsic luminosity, a parameter directly tied to
stellar mass and age. For most stars, luminosity from par-
allax and temperature and metallicity from spectroscopy
fully constrain the location of a star on an evolutionary
track on a Hertzsprung-Russell diagram, providing the
fundamental stellar properties. While this does not work
for all stars owing to complications of age (e.g., Lloyd
2011) and activity/spots (e.g., Gully-Santiago et al. 2017),
parallaxes are especially effective for measuring stellar
properties of very low-mass stars (late K and M dwarfs).
Once settled on the main sequence, M dwarf stars exhibit
little change in stellar temperature and luminosity over
tens of billions of years (Laughlin et al. 1997).
The slow evolution of (main-sequence) M dwarfs means
that age has a negligible influence on the star’s position
on a color-magnitude diagram, creating a tight relation
between the chemical abundance, luminosity, and radius
of M dwarfs. Empirical studies of M dwarf parameters
have taken advantage of this to derive relations between
absolute magnitude and fundamental parameters (e.g.,
mass, radius). Henry & McCarthy (1993), Delfosse et al.
(2000), and Benedict et al. (2016) measured dynamical
masses of visual M dwarf binaries, which they used to
constrain the relation between absolute V or K magni-
tude (MV,K) and stellar mass. Because of the relative
tightness of the relation with MK , Delfosse et al. (2000)
argued that metallicity increased the scatter at shorter
wavelengths. Mann et al. (2015) used nearby stars with
precise parallaxes, bolometric fluxes, and effective temper-
atures calibrated to reproduce stars with interferometric
radii (Boyajian et al. 2012) to develop empirical rela-
tions between MK and stellar radius. Mann et al. (2015)
also calculated a MK -mass relation by interpolating their
parameters onto a stellar evolution model (Dotter et al.
2008).
With accurate stellar parameters and a high-precision
light curve, it is possible to constrain the eccentricity
of a transiting planet. Seager & Mallén-Ornelas (2003)
derived the relation between transit observables and stel-
lar density (ρ?), although the result is degenerate with
the planet’s eccentricity (e). If e is known independently,
the transit-derived ρ? can be used to test stellar evolu-
tionary models (e.g., Beatty et al. 2016). If ρ? is known
independently, this method can be reversed to derive the
eccentricity of the orbiting planet. Early efforts to apply
this technique on Kepler planet hosts (e.g., Moorhead
et al. 2011; Kane et al. 2012) have been complicated by
imprecise or systematically inaccurate stellar parameters
common to Kepler target stars (e.g., Gaidos & Mann
2013; Bastien et al. 2014; Plavchan et al. 2014). Two
approaches have been more successful; (1) identifying
high eccentricity planets, which is possible even with rel-
atively large errors in ρ? due to their extreme transit
durations (e.g., Dawson & Johnson 2012), and (2) sub-
samples of transiting planet hosts with extremely precise
stellar densities, such as those with stellar parameters
from asteroseismology (e.g., Van Eylen & Albrecht 2015).
An intermediate case, where bulk stellar parameters are
known with moderate precision, are also useful for statis-
tical eccentricity constraints over large samples of planets
(Xie et al. 2016), although this is less useful on individual
planets.
Kepler M dwarf planet hosts are appealing for eccentric-
ity studies because of the combination of a large target
sample (including multi-planet systems), continuous pho-
tometric monitoring for'4.5 years, and exceptional photo-
metric precision for most objects. Kepler target selection
is public and well established (Batalha et al. 2010b), and
planet-detection completeness can be precisely measured
(e.g., Dressing & Charbonneau 2015; Christiansen et al.
2016), making Kepler targets the ideal dataset for statis-
tical studies of exoplanets. The small size of M dwarfs
makes them attractive for studies of small planets, as the
transit depths are larger when compared to Sun-like stars.
However, their stellar parameters are more poorly con-
strained. Kepler M dwarf radii are typically determined
by measuring their effective temperature and [Fe/H] from
spectra or photometry, then interpolating the radius onto
a model-based or empirical relation between Teff, [Fe/H],
and R? (e.g., Dressing & Charbonneau 2013; Muirhead
et al. 2014; Newton et al. 2015; Gaidos et al. 2016a),
which provides radii precise only to 10-25%. While K2
targets are statistically closer, few have parallaxes, and
like Kepler targets, require follow-up to constrain the stel-
lar parameters (e.g., Dressing et al. 2017; Martinez et al.
2017). The stellar parameter problem could be eliminated
with parallax measurements of Kepler M dwarfs.
The Gaia spacecraft (Perryman et al. 2001) is expected
to provide parallaxes for all Kepler M dwarfs accurate to
.100µas, yielding distances accurate to better than 2%
(de Bruijne 2012). These data will enable studies of the
eccentricity distribution of small exoplanets, currently
only possible around higher-mass stars with asteroseismic
densities (e.g., Van Eylen & Albrecht 2015), and offer a
wealth of systems to test stellar models. Until this time
we are limited by the small number of systems for which
we can measure parallaxes from the ground, but even
such a small sample is sufficient to test and refine our
methods in preparation for the impending Gaia release.
In this paper we present parallaxes from the Hawaii
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infrared parallax program for eight M dwarfs with plan-
ets detected by Kepler (Section 2, 3). In Section 4 we
combine these distances with newly developed relations
between luminosity, mass, and radius to provide more
precise stellar (and exoplanet) parameters for each object.
We describe our MCMC fit to the transit light curves
of each system and the resulting planetary parameters
in Section 5. Utilizing our improved stellar parameters,
updated transit fits, and literature adaptive optics infor-
mation, in Section 6 we verify the planetary nature of
two of the three planets in our sample currently lacking
confirmation. We provide details on individual systems
in Section 7. In Section 8 we take advantage of external
constraints on the eccentricities of Kepler-42bcd to test
models of low-mass stars and the empirical mass/radius-
luminosity relations used in this paper. We conclude in
Section 9 with a brief summary and discussion of how
Gaia parallaxes will enable more precise calculations for
most of the planet sample from Kepler and eventually
the Transiting Exoplanet Survey Satellite mission (TESS,
Ricker 2014).
2. TARGET SELECTION
The sample was chosen from spectroscopic distances
measured as part of the Characterizing the Cool KOIs
survey (Muirhead et al. 2012a, 2014). Distances were
estimated for late-type planet-candidate hosts by interpo-
lating spectroscopically determined effective temperature
(Teff) and metallicity ([M/H]) onto custom low-mass-star
isochrones similar to the Dartmouth Stellar Evolution
Program (DSEP; Dotter et al. 2008; Feiden & Chaboyer
2013, 2014). The interpolation provided a prediction for
the absolute KS-band (MKS ) magnitudes of the stars,
which we compared to apparent KS magnitudes measured
by the Two Micron All Sky Survey (2MASS; Cutri et al.
2003; Skrutskie et al. 2006) to estimate distances to the
stars. However, because of of complexity in the cool at-
mospheres of M dwarfs (Mould 1976), Teff, and [M/H]
are difficult to constrain precisely. Combined with a
steep relation between Teff-[Fe/H] andMKS for cool stars,
resulting distances are subject to large uncertainties.
The 20 closest stars listed in Muirhead et al. (2014)
are the following: KOI-314 (Kepler-138, Rowe et al.
2014), KOI-2453, KOI-2842 (Kepler-446, Muirhead et al.
2015), KOI-1702 B (Kepler-1651 B), KOI-961 (Kepler-42,
Muirhead et al. 2012b), KOI-249 B, KOI-3497 (Kepler-
1512, Morton et al. 2016), KOI-1725 A (Kepler-1651 A),
KOI-249 A (Kepler-504, Morton et al. 2016), KOI-463
(Kepler-560, Morton et al. 2016), KOI-3119, KOI-2662
(Kepler-1308, Morton et al. 2016), KOI-571 (Kepler-186,
Quintana et al. 2014), KOI-1702 (Kepler-1650), KOI-2542,
KOI-2705 (Kepler-1319, Morton et al. 2016), KOI-3749,
KOI-4290 (Kepler-1582, Morton et al. 2016), KOI-251
(Kepler-125 Rowe et al. 2014) and KOI-1422 (Kepler-296,
Torres et al. 2015). Revisions to stellar properties of
KOI-2704 (Kepler-445, Muirhead et al. 2015) led us to
include this in the nearby list as well.
Of these 21 nearby targets, we observed nine based
on how accurately their trigonometric parallaxes could
be measured (e.g., NIR brightness, distance, number of
nearby stars). This prioritizes the coolest systems, as they
are still relatively bright in the near-infrared (where the
astrometry is measured) but are statistically closer due to
cuts imposed by Kepler at the bluer KP -band. The final
selected systems are Kepler-42, 138, 445, 560, 1319, 1650,
1651, and KOI-, 2453, and 2542. Both components for
likely binaries (e.g., Kepler-1651AB) are included, owing
to the field of view of our detector (see Section 3).
KOI-2542 was later removed from the sample due to
the presence of a 0.′′75 companion, which is near the see-
ing limit of our observations, and hence complicates the
astrometric measurement. While four other targets are
confirmed to be in wide binaries, the next tightest system
is 1.′′88 (Kepler-1319) and hence easily resolvable. All tar-
gets also have adaptive optics imaging and non-redundant
aperture masking from Kraus et al. (2016), which rules
out any companions bright enough to significantly impact
the astrometry.
3. OBSERVATIONS AND REDUCTION
Astrometric observations of each target were taken us-
ing the facility near-IR camera WIRCam (Puget et al.
2004) on the Canada-France-Hawaii Telescope from 2012
to 2015 as part of the Hawaii Infrared Parallax Pro-
gram. Our observing strategy and analysis methods are
described in detail in Dupuy & Liu (2012), and recent
updates to the pipeline used here are described in Dupuy
& Liu (2017). For all targets here we used WIRCam’s
narrow K-band filter centered at 2.122µm and typically
obtained 18–20 dithered images at each observation epoch
that had typical seeing of 0.′′5–0.′′6. We computed the
mean and standard error on the mean as the astrometric
measurement and corresponding uncertainty for each star
at a given epoch. After solving for linear transformations
between epochs while masking the target and reference
stars with high proper motion, we used 2MASS to de-
termine the absolute astrometric terms (e.g., pixel scale,
orientation). We used this final absolute astrometry to
determine initial parallaxes and proper motions of our
targets using Markov Chain Monte Carlo analysis. Be-
cause stars used to build the astrometric reference grid in
the WIRcam images have non-zero parallaxes and proper
motions, the resulting parallaxes and proper motions are
only relative. We convert relative to absolute astrometry
using corrections estimated from the Besançon model of
the Galaxy (Robin et al. 2003).
In addition to the target of interest, we attempt to
solve for proper motions and parallaxes of all stars in
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Figure 1. Separation vs. total proper motion difference
(in standard deviations) for stars near KOI-1725 (Kepler-
1651B, top) and KOI-2705 (Kepler-1319B, bottom). The
red star indicates the target we identify as a true com-
panion, while black points are unassociated stars. For
relatively high-proper-motion targets like these, the prob-
ability that an unassociated star has comparable proper
motion and is nearby on the sky is extremely small, which
is evident by the large region of unfilled parameter space.
the WIRCam field of view. We identify four stars where
the derived parallax and proper motions agree with that
of the target within 1.5σ (Kepler-560, 1319, 1651, and
KOI-2453). Two of these systems, Kepler-560AB and
KOI-2453AB were previously confirmed as wide binaries
in Deacon et al. (2016); the other two were missed because
they land inside the Deacon et al. (2016) 6′′ minimum
search radius.
Deacon et al. (2016) derive a relation for the probability
that two stars have consistent proper motions by chance,
as a function of their proper motion, separation, and
density of stars in that region of the sky. Deacon et al.
(2016) empirically calibrate their relation by shifting the
positions of stars by several degrees (Lépine & Bongiorno
2007), after which any nearby targets with consistent
proper motions will be chance alignment. Following this
method, we find that both Kepler-560AB and Kepler-
1319AB have <0.01% probability of begin unassociated
pairs (see Figure 1). The wide binary to Kepler-560 (KOI-
463) is brighter than the planet host; to avoid confusion,
we denote this as KOI-463A (and the planet host as
KOI-463B). The three other binaries we denote as Kepler-
1319B (KOI-2705B), Kepler-1651B (KOI-1725B), and
KOI-2453B.
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Figure 2. Color-magnitude diagram of the targets and
their primary/companion stars. Points are colored by
their [Fe/H] values. Lines connect the components of
binary systems.
Final parallaxes and proper motions for the targets and
identified companions are given in Table 5, with binary
parameters (separation, position angle, ∆K) in Table 1.
Plots of the astrometric fits are shown in Figure A.1.
For our analysis of KOI-2453AB, Kepler-1319AB, and
1651AB, we use the mean of the primary and companion
parallax as the system parallax. Since parallax measure-
ments of targets near each other are highly correlated, we
adopt the minimum error of the primary and companion
as the error on the system parallax. For Kepler-560AB,
the components are widely separated enough (40′′) that
the parallaxes are largely uncorrelated, so we adopt the
weighted mean for system parallax and error. We show a
simple color-magnitude diagram of all targets (including
identified binaries) in Figure 2.
4. STELLAR PARAMETERS
4.1. Revised Parameters from Parallaxes
For each planet host and stellar companion we derived
updated R?, L?, M?, and Teff values using our parallaxes.
Because evolutionary and atmospheric models poorly re-
produce radii of low-mass eclipsing binaries and observed
spectra of M dwarfs (e.g., Mann et al. 2013b; Zhou et al.
2014), we prefer using more empirically driven methods
where possible. Although few techniques are completely
free of model assumptions, we consider a method ‘em-
pirical’ if potential errors introduced by model assump-
tions are likely small compared to measurement or other
uncertainties. For example, radii and temperatures de-
rived from long-baseline optical interferometry (LBOI;
e.g., Berger et al. 2006; Kane et al. 2017) depend only
on model limb-darkening values (corrections of 2-5%),
and atmospheric models in the ultraviolet and infrared
to calculate the total bolometric flux (Teff corrections of
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Table 1. Summary of Binary Parameters
KOI Separation PA ∆K
(′′) (au) (◦) (mag)
KOI-463AB 40.436± 0.007 4084± 371 101.02± 0.03 −0.44± 0.06
KOI-1725AB 4.055± 0.003 281± 21 98.50± 0.03 1.46± 0.01
KOI-2453AB 11.726± 0.003 1465± 238 204.67± 0.02 1.61± 0.01
KOI-2705AB 1.880± 0.007 205± 31 304.07± 0.09 2.45± 0.03
< 2%). While these corrections are comparable to or
larger than typical measurement uncertainties (2-10%),
the errors on these corrections are 100%, and thus
introduce model-dependent errors well below typical mea-
surement uncertainties.
Iron abundances ([Fe/H]) for each target were taken
fromMann et al. (2013c) and Muirhead et al. (2014). Both
Mann et al. (2013c) and Muirhead et al. (2014) utilize
relations between the equivalent width of spectroscopic
features and the metallicity of the M dwarf, calibrated
using nearby M dwarf companions to FGK dwarfs (e.g.
Rojas-Ayala et al. 2010; Neves et al. 2012; Terrien et al.
2012) under the assumption that binary components have
identical metallicities. Because the different calibrations
use overlapping samples and similar methods, the [Fe/H]
from each source generally agree within errors. For stars
with determinations in both we use the weighted mean
of the two. Lower limits on the error are taken to be
0.09 dex (Gaussian) due to underlying calibration errors
common to both. While the calibration of M dwarf abun-
dance measurements still relies on atmospheric models
to determine the abundances of the FGK primary, the
model-fitting procedure utilized for these FGK dwarfs
reproduces independent asteroseismic and interferometric
measurements of surface gravity (Brewer et al. 2015).
To determine the radius (R?) of each star, we first cal-
culated the MKS from our measured parallax (Section 3)
and KS magnitudes from 2MASS. For Kepler-1319AB the
components were unresolved in 2MASS, so we used the
∆K value from Kraus et al. (2016) to calculate component
magnitudes. For Kepler-1651, the KS magnitude is also
partially contaminated by its nearby companion, so we
instead use the 2MASS J-band measurement, which is
negligibly affected. Radii for each of the stars were then
computed using the relation between MKS (or MJ for
Kepler-1651), [Fe/H], and R? from Mann et al. (2015).
The Mann et al. (2015) R? relation is derived from a
local sample of M dwarfs with precise (< 5%) parallaxes,
bolometric fluxes from flux-calibrated spectra, Teff val-
ues from optical spectra, and R? calculated from the
Stefan-Boltzmann relation. While the Teff determinations
depend on comparing spectra to atmospheric models, the
comparison down-weights regions of the optical spectrum
poorly reproduced by models, and the final values are
calibrated to reproduce radii and Teff from direct radii
measurements using long-baseline optical interferometry
(Boyajian et al. 2012; von Braun et al. 2014).
We determined the masses of each object using the
MKS -M? relations from Benedict et al. (2016) and Mann
et al. (2015). The relation from Mann et al. (2015) is
more precise (residuals of . 2%), but is derived by inter-
polating [Fe/H], Teff, and bolometric luminosities onto a
model grid from an updated version of the DSEP mod-
els (Dotter et al. 2008; Feiden & Chaboyer 2013, 2014).
These masses reproduce the empirical mass-radius rela-
tion derived from low-mass eclipsing binaries (Feiden &
Chaboyer 2012; Mann et al. 2015). However, they are
not as model-independent as those from Benedict et al.
(2016), which are derived from astrometric monitoring of
low-mass visual binaries. Hence we also include masses
derived using the Benedict et al. (2016) relation. Values
from both methods are consistent within 1σ for all stars.
We combined our distances with bolometric corrections
to derive L?, which we utilize to calculate Teff. To this
end, we drew SDSS r′ magnitudes for each star from the
Carlsberg Meridian Catalog (CMC15, Muiños & Evans
2014), the Kepler-INT survey (Greiss et al. 2012), the
eighth data release of APASS (Henden et al. 2012), or
Muirhead et al. (2012b) for Kepler-42. All J magnitudes
come from 2MASS. For Kepler-1319AB, we used ∆i′
measurements from Baranec et al. (2016, Robo-AO; )
and synthetic magnitudes from Mann et al. (2015) to
estimate ∆r and calculate component magnitudes. We
used the r − J colors to calculate a J-band bolometric
correction following Mann et al. (2015), providing us with
a bolometric luminosity (L?) for each target. From L? and
R? we derive a revised Teff using the Stefan-Boltzmann
relation.
Errors on stellar parameters were determined by a an
MC analysis. We generated a sample of 104 parallaxes,
KS magnitudes, and [Fe/H] values according to the pre-
scribed errors. We fed these posteriors through each
formula, which provided a range of values for each param-
eter. We account for errors in the given relations (e.g.,
bolometric corrections) by adding the literature uncer-
tainties in quadrature. We report the median, 15.9% and
84.1% values of the cumulative distributions (equivalent
to ±1σ for normal distributions) for each parameter in
6Table 2.
4.2. Comparison to spectroscopic parameters
We compare our updated parameters to those de-
rived spectroscopically for M dwarf KOIs by Mann et al.
(2013c,b); Muirhead et al. (2014) and Newton et al. (2015).
Each of these studies followed similar methods with a
few key differences, which we briefly summarize here. All
studies utilized low-resolution (700 ≤ R ≤ 2000) spectra:
Mann et al. (2013c,b) used a mix of optical for Teff and
[Fe/H] and NIR for [Fe/H], while Muirhead et al. (2014)
and Newton et al. (2015) used exclusively NIR spectra
for both Teff and [Fe/H]. All studies computed [Fe/H]
of Kepler M dwarf planet hosts using empirical metallic-
ity calibrations from nearby binaries (Rojas-Ayala et al.
2012; Mann et al. 2013a; Newton et al. 2014). Mann et al.
(2013b) and Newton et al. (2015) both anchored their
Teff and R? values to those from nearby stars with inter-
ferometric temperatures and radii from Boyajian et al.
(2012), while Muirhead et al. (2014) used atmospheric
models (Allard et al. 2012) following Rojas-Ayala et al.
(2012) to constrain Teff, and evolutionary models (Dotter
et al. 2008) for R?. Mann et al. (2013b) relies on first
computing Teff and deriving R? using an empirical Teff-R?
relation, while Newton et al. (2014) uses an empirical
relation between NIR atomic indices and R? (eliminating
the need for Teff or [Fe/H]). Mann et al. (2013b) R? values
do not properly account for [Fe/H], so we use the updated
numbers from Mann et al. (2015).
We show the resulting comparison in Figure 3. Muir-
head et al. (2014) measure systematically smaller R? and
Teff values, with reduced χ2 (χ2ν) values of 2 and 2.3,
respectively. This is a consequence of known differences
between models and empirical estimates of Teff and R?
(e.g., Boyajian et al. 2012; Zhou et al. 2014). Mann et al.
(2013b) Teff values are the most consistent (χ2ν = 1.0),
with similarly consistent radii (χ2ν=1.2). Newton et al.
(2014) Teff values show a large scatter (χ2ν=2.3) when com-
pared to our own, but achieve highly consistent R? values
(χ2ν=0.6), likely an advantage of skipping the intermediate
[Fe/H] and Teff step. Stronger agreement between our
values and Newton et al. (2014) and Mann et al. (2013b)
over Muirhead et al. (2014) is somewhat expected, as the
former two both anchor their results to the same set of
stars with radii from interferometry.
Dressing & Charbonneau (2013), Huber et al. (2014),
and Gaidos et al. (2016a) also provide revised stellar
parameters for the Kepler M dwarfs. All three of these
papers are based on photometry and proper motions,
and thus are generally less precise than the spectroscopic
methods we compare to above, but cover a larger number
of stars. More importantly, each of these papers calibrate
against or adopt the stellar parameters from Mann et al.
(2013c,b), Muirhead et al. (2014) and Newton et al. (2015),
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Figure 3. Comparison between Teff and R? derived using
the parallax (Section 4) and those derived using NIR or
optical spectroscopy from Mann et al. (2013c,b) (left),
Muirhead et al. (2014) (middle), and Newton et al. (2015)
(right). Points are color-coded by [Fe/H] with the values
from the literature source. Newton et al. (2015) does not
provide independent [Fe/H] measurements so the right
panels are left uncolored.
so a comparison would not be independent. A detailed
analysis of these assignments would be instructive to
test how well the field sample is characterized without
spectroscopic follow-up, but will require Gaia parallaxes
to provide a large enough sample.
5. TRANSIT FITS
5.1. Methodology
We downloaded Q1-17 light curves (DR25) for the eight
KOIs of interest from the Barbara A. Mikulski Archive
for Space Telescopes (MAST). We used the Pre-search
Data Conditioning (PDCSAP, Jenkins et al. 2010; Stumpe
et al. 2012; Kinemuchi et al. 2012) light curves, excluding
Kepler-1319, for which we used the Simple Aperture
Photometry (SAP) data (see below). We download short-
cadence data in place of long-cadence where available.
For one system (Kepler-445) the KIC incorrectly contains
an additional, equal-brightness star within the Kepler
aperture, which affects the measured transit depth and
parameters (Dalba et al. 2017). However, this issue was
corrected in the most recent data release.
We removed stellar and instrumental variations from
the light curves using a running median with a width of
10 hours, masking out the transits and outlier points, and
with a cutoff at each gap in the data (between quarters).
Outliers were identified as points> 6σ outside the running
median. Less than 1% of points were removed this way,
and visual inspection suggests most follow the expected
shape for a flare (a sharp increase followed by a slow drop-
off in flux). Once outliers are identified and masked, the
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Table 2. Updated Stellar Parameters
KOI KIC Kepler Ma?,Mann Mb?,Ben R? ρ? L? Teff Distance [Fe/H]c
# (M) (M) (R) (ρ) (log (L/L)) (K) (pc)
Likely Planet Hosts
314d 7603200 138 0.468+0.030−0.028 0.511
+0.035
−0.033 0.454
+0.025
−0.023 5.00
+0.52
−0.50 −1.451+0.066−0.062 3726.+44.−40. 52.4± 3.8 −0.16
463B 8845205 560 0.381+0.034−0.030 0.412
+0.043
−0.039 0.378
+0.028
−0.025 7.03
+0.92
−0.87 −1.717+0.082−0.075 3502.+44.−39. 101.0± 9.2 −0.23
961d 8561063 42 0.144+0.007−0.006 0.141
+0.008
−0.008 0.175
+0.006
−0.006 26.80
+1.77
−1.72 −2.511+0.037−0.035 3258.+21.−21. 40.5± 1.6 −0.50
1702 7304449 1650 0.326+0.047−0.039 0.344
+0.059
−0.048 0.334
+0.039
−0.032 8.73
+1.67
−1.57 −1.871+0.123−0.107 3410.+56.−46. 120.5± 16.0 −0.11
1725A 10905746 1651 0.522+0.033−0.031 0.564
+0.034
−0.034 0.503
+0.030
−0.027 4.10
+0.47
−0.44 −1.368+0.069−0.064 3713.+57.−53. 69.4± 5.3 −0.16
2453A 8631751 0.279+0.055−0.042 0.287
+0.068
−0.050 0.291
+0.044
−0.034 11.34
+2.70
−2.48 −1.897+0.153−0.130 3603.+67.−53. 125.0± 20.3 −0.48
2704d 9730163 445 0.334+0.080−0.059 0.354
+0.097
−0.072 0.347
+0.068
−0.049 8.01
+2.46
−2.22 −1.939+0.202−0.165 3219.+89.−63. 149.3± 31.2 +0.27
2705Ae 11453592 1319 0.557+0.063−0.055 0.592
+0.042
−0.049 0.539
+0.062
−0.050 3.56
+0.75
−0.71 −1.327+0.142−0.121 3673.+103.−81. 116.3± 17.6 −0.03
Companion/Primary to Planet Hosts
463A 8845251 0.454+0.036−0.033 0.496
+0.042
−0.039 0.440
+0.031
−0.027 5.32
+0.69
−0.66 −1.519+0.083−0.075 3637.+52.−46. 101.0± 9.2 −0.23
1725B 10905748 0.247+0.030−0.027 0.249
+0.036
−0.032 0.269
+0.024
−0.022 12.73
+2.00
−1.76 −1.982+0.069−0.065 3569.+108.−104. 69.4± 5.3 −0.16
2453B 8631743 0.143+0.030−0.019 0.140
+0.029
−0.017 0.174
+0.028
−0.020 27.16
+7.03
−6.19 −2.553+0.153−0.130 3193.+56.−55. 125.0± 20.3 −0.48
2705Be 11453591 0.175+0.036−0.025 0.170
+0.038
−0.025 0.208
+0.031
−0.023 19.42
+4.41
−4.08 −2.425+0.143−0.122 3141.+47.−43. 116.3± 17.6 −0.03
aMass derived from the Mann et al. (2015) semi-empirical mass-luminosity relation.
bMass derived from the Benedict et al. (2016) empirical mass-luminosity relation.
c [Fe/H] is limited by the underlying calibration (Rojas-Ayala et al. 2012; Mann et al. 2013a), so we adopt 0.09 dex Gaussian
errors for all targets.
dMulti-transiting planet host.
eEither component could be the host, but the primary is favored (see Section 7).
running median is re-run to identify and remove longer-
term stellar variability. To identify transit locations we
pulled values for orbital period (P ), transit midpoint
(T0), and transit duration from Swift et al. (2015). Once
identified, we fit a third-order polynomial to the running
median, covering three on hours on either side of the
transit, to fit out stellar variations during transit. We
tested higher-order polynomial fits and longer/shorter
out-of-transit windows, and found that this performed
best in terms of smallest scatter in the bottom of transit
points for the majority of systems. A more robust method
would be to include parameters that describe the out-
of-transit fit as part of the MCMC analysis, as done in
(Gazak et al. 2012), although tests with different fits to
the out-of-transit data suggest this effect is negligible, and
hence can be ignored. After fitting out stellar variability
and masking outliers we fed the final flattened light curve
to our transit fitting software.
Transiting timing variations (TTVs), if left uncorrected,
spread out the observed ingress/egress of a transit light
curve when phase-folded assuming a linear ephemeris.
Depending on the size and shape of the TTV signal, this
will typically result in an erroneously small transit depth
and large duration. Swift et al. (2015) searched for TTVs
in all the Kepler M dwarf planet candidates, and for
the sample considered here, identified significant TTVs
only in Kepler-138bcd. This is consistent with earlier
analyses of the same systems (e.g., Wu & Lithwick 2013;
Mazeh et al. 2013; Kipping et al. 2014). Because transit
timing constraints from Kepler photometry are typically
quite precise (.minutes) it is unlikely derived parameters
of other systems will be impacted by TTVs below the
detection threshold.
The Kepler-138 planets have TTV amplitudes ranging
from 5m for planet c, to 50m for planet b (Jontof-Hutter
et al. 2015). To correct for this, we use the transit mid-
points derived from the N -body simulations of Hadden
& Lithwick (2016) both when removing stellar variability
and fitting the transit. This does not account for uncer-
tainties in the transit times. A more robust method would
be to treat individual transit times as free parameters,
or include N -body simulations inside the transit-fitting
MCMC. However, these options are computationally ex-
pensive, and unlikely to significantly improve the results
given the relatively small errors on individual transit
times.
A more detailed description of our light curve fitting
method is given in Mann et al. (2016) and Mann et al.
(2017), which we summarize here. We fit each system
using a Monte Carlo Markov Chain (MCMC) with the
emcee python module (Foreman-Mackey et al. 2013) and
the batman tool (Kreidberg 2015), based on the Mandel &
Agol (2002) transit model. To account for morphological
effects of integration times (Kipping 2010), models for
long-cadence data were binned and resampled to match
the observations. Free parameters for each fit were planet-
8Table 3. Adopted Limb-Darkening Priors
KOI µ1 µ2
314 0.35±0.05 036±0.05
463 0.32±0.06 0.38±0.06
961 0.33±0.05 0.41±0.05
1702 0.36±0.07 0.35±0.08
1725 0.32±0.06 0.37±0.07
2453 0.31±0.06 0.34±0.07
2704 0.43±0.07 0.31±0.06
2705A 0.37±0.07 0.35±0.08
2705B 0.40±0.07 0.32±0.07
to-star radius ratio (RP /R?), impact parameter (b), P ,
T0, two parameters that describe the eccentricity and
argument of periastron (
√
e sin(ω) and
√
e cos(ω)), linear
and quadratic limb-darkening (Kipping (q1, q2 2013)),
and stellar density (ρ?). Planets orbiting a common star
were fit together with common limb-darkening and ρ?
parameters. MCMC chains were run with 100 walkers for
systems with a single transiting planet, and 200 walkers
for those with multiple transiting planets; each chain
contains 100,000 steps including a burn-in phase of 10,000
steps. Examination of the posteriors suggests that this
was more than sufficient for each chain to converge.
We applied a prior drawn from the model-derived limb-
darkening coefficients using the LDTK toolkit (Parviainen
& Aigrain 2015) using the stellar parameters and errors
derived in Section 4. Based on the variation in limb-
darkening parameters drawn from different model grids,
we add an additional error of 0.05 (in quadrature) on
all limb-darkening coefficients. We report the adopted
limb-darkening priors in Table 3. We used the triangular
sampling method of Kipping (2013) in order to uniformly
sample limb-darkening over the physically allowed pa-
rameter space. We uniformly sampled |b| < 1 +RP /R?
(allows grazing transits), P > 0 (no upper bound), T0 over
one orbital period,
√
e sin(ω) and
√
e cos(ω) from -1 to 1,
and RP /R? from 0 to 0.5. We employed a Gaussian prior
on ρ? using our R∗ and M∗ values derived in Section 4,
and ρ? was not allowed to explore below zero, but had
no upper bound.
If a companion star lands within the Kepler aperture,
the additional light will dilute the transit signal, altering
both the transit depth and shape (e.g., Johnson et al.
2012; Ciardi et al. 2015). Component stars of Kepler-
560AB, and 2453AB are sufficiently separated ('40′′ and
11′′), that the Kepler apertures do not include the com-
panions. The aperture for Kepler-1651 does include its 4′′
companion. However, both targets resolved in the Kepler
input catalog (Brown et al. 2011) and Kepler pixel-level
data, so the contaminating flux has been removed as
part of generating the PDCSAP light curve; we extract
a consistent light curve when attempting to correct for
contaminating flux ourselves. The PDCSAP flux also
accounts for changes in the contamination between quar-
ters as varying levels of light from the companion falls
outside the aperture. So we do not attempt any further
corrections.
For Kepler-1319 the companion is tight (1.′′8) enough
to land within the Kepler aperture, and a comparison of
SAP (which contains no contamination correction) and
PDCSAP light curves suggests the companion flux has
not been completely removed in the PDCSAP data. We
first re-extracted the light curve for this star using the
SAP flux, and applied relevant corrections to reproduce
PDCSAP flux (e.g., co-trending basis vectors) using the
PyKe software (Still & Barclay 2012), but without re-
moving any contaminating flux. We then fit the transit
as above, but with an additional free parameter, ∆KP ,
which describes flux contamination from the non-host
star, following the method from Johnson et al. (2011).
We apply a Gaussian prior on ∆Kp using the estimate
from Gaidos et al. (2016b), derived from the AO data
taken in Kraus et al. (2016).
The small separation of Kepler-1319AB compared to
the Kepler pixel size (' 4′′) also makes it unclear around
which star the planet orbits. To handle this, we fit the
transit light curve twice, each time assuming a different
host star (adjusting limb-darkening, ρ?, and ∆Kp priors).
We briefly discuss the parentage of this planet further in
Section 7.
5.2. Transit Parameters
We report the resulting T0, P , RP /R?, |b|,
√
e sin(ω),√
e cos(ω), and ρ? from of our transit fits in Table 9. For
each parameter we report the median value with the
84.1 and 15.9 percentile values (corresponding to ±1σ
for Gaussian distributions). Distributions of
√
e sin(ω),√
e cos(ω) are highly correlated with each other, so the
simple median and 1σ reporting can be highly misleading,
and also less physically useful than e. We calculate the
e posterior by adding the square of
√
e sin(ω),
√
e cos(ω)
for each step in the chain. However, the median of e
is positively biased due to the cutoff at zero. Thus we
instead report the mode (and 84.1 and 15.9 percentile) for
e. We combine our RP /R? posteriors with R? posteriors
from Section 4 to calculate RP , which we report in Ta-
ble 9. To highlight correlations between parameters, we
show distributions of RP /R?, |b|, e, and ρ? and mutual
correlations for each fit in Figure A.2.
Resulting RP values are generally extremely precise.
Of the 13 planets, 7 have radii constrained to better
than 10%, 3–5% or better, and all 13 to better than
20%. Previous determinations were rarely better than
10% because of large errors on R?. For Kepler-42bcd,
which has both the most precise parallax (' 4%) and
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some of the smallest planets (0.67-0.76R⊕), the radii are
constrained to ' 0.03R⊕, or '200 km. At this level,
errors that are not considered (e.g., imperfect removal of
stellar variability, incomplete removal of faint background
stars in the field of view) may become important and
should be considered.
Our values are also generally more precise and accurate
than previous transit fits on the same targets (e.g., Swift
et al. 2015; Rowe & Thompson 2015) due to additional
constraints on limb-darkening, ρ?, simultaneous fit of
short- and long-cadence data, and overall improvements
in Kepler light curve reduction. Other than for Kepler-445
and Kepler-1319, our transit fit parameters are consistent
with those from Swift et al. (2015) (e.g., RP /R? values
within 2σ), who also focus on M dwarf KOIs. The two
discrepant systems are due to differences in the input light
curves. The light curve available to Swift et al. (2015)
for Kepler-445 had flux incorrectly subtracted out from a
star in the Kepler Input Catalog that does not exist (see
Dalba et al. 2017, for further details). Thus, our resulting
RP /R? values are smaller by > 3σ for all three planets.
Swift et al. (2015) did not know Kepler-1319AB is a
binary, and hence could not account for contaminating
flux; thus our resulting RP /R? is significantly larger.
However, our parameters for Kepler-1319AB b agree well
with those from Gaidos et al. (2016b), who did account
for the companion flux.
5.3. Planetary Eccentricities
The eccentricity posteriors appear to fall into two qual-
itative groups; 10 planets in 4 systems all have posteriors
peaked at e '0, while the other 4 planets in four sys-
tems peak at larger values (0.15< e <0.4). While, e = 0
cannot be ruled out at 3σ for any planet, broad tails
are not unexpected given measurement uncertainties and
degeneracy with ω (see Van Eylen & Albrecht 2015; Mann
et al. 2017, for some discussion of this). Interestingly,
the low-eccentricity planets are all in single-star systems,
while the latter group all reside in binary systems, a
trend which was also noted by Moutou et al. (2017). We
highlight the eccentricity differences in Figure 4.
To test the significance of any difference between single-
and multi-transiting systems, we compared our eccentric-
ity posteriors to two model eccentricity distributions; (1)
a single Rayleigh distribution with σ=0.05 (as found by
Van Eylen & Albrecht 2015), and (2) a double-Rayleigh
distribution with σ1,2=0.05, 0.25. We then compared
each model to the results of our transit fits, treating the
eccentricity posteriors as likelihoods. For (2), the σ1 ec-
centricity distribution is only applied to the planets in
single-star systems, and σ2 to those in multi-star systems.
For this test, we consider the primary of Kepler-1319 to
be the parent star. We found a Bayes factor (the ratio of
the likelihoods for the two models) of 11, strongly favor-
Single-star systems
    
 
 
 
 
 
 314
Multi-star systems
    
 
 
 
 
 
 463
    
 
 
 
 
 
 
 
 
 961
    
 
 
 
 
 
 
1725
    
 
 
 
 
 
1702
    
 
 
 
 
 
 
2453
0.0 0.2 0.4 0.6
Eccentricity
 
 
 
 
 
 
2704
0.0 0.2 0.4 0.6
Eccentricity
 
 
 
 
 
 
2705
Figure 4. Eccentricity posteriors for planets in single-
star systems (left column) and binaries (right column).
Dashed lines mark the 68.2th percentile of points around
the statistical mode. For all of the single-star systems
this includes the lowest e bin, so a single line (68.2%
upper limits) is indicated instead. Colors are applied
to the histograms in multi-planet systems to distinguish
the distributions; for Kepler-1319 (KOI-2705) the black
distribution is if the planet orbits the primary, while the
red is assuming it orbits the companion.
ing the two-distribution model. However, if we instead
allow σ to float in (1), we find that the two-distribution
model is only weakly favored (Bayes factor = 2.7) over a
single-distribution model (with best-fit σ = 0.083). Allow-
ing both σ1 and σ2 to float only marginally changes the
comparison (Bayes factor = 3.3). This is highly sugges-
tive, but not definitive at this time, especially considering
data-quality differences between the two samples, which
we explore below.
The apparent difference in eccentricity distributions for
single-star vs. multi-star systems could also be due to
differences in data-quality rather than astrophysical ones.
Three out of four of the single-star systems are also multi-
planet systems, which provides additional constraints on
the stellar density compared to systems with a single
transiting planet. To test this we re-run the transit fit
for each of the Kepler-42 planets individually, without
forcing a common stellar density or limb-darkening. We
compare the resulting eccentricity posteriors to those
from the common-star fit in Figure 5. The differences are
marginal, and do not preferentially favor larger or smaller
eccentricities. All differences are significantly smaller
than the difference between single-star and multi-star
system eccentricity posteriors. This may be because, for
most systems considered here, eccentricity constraints are
limited more by the width of the input density prior and
degeneracy with ω than by information derived directly
from the light curve.
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Figure 5. Comparison of eccentricity posteriors for Kepler-
42bcd when fitting each planet individually (blue) or
fitting simultaneously, forcing common limb-darkening
parameters and stellar density (red). Bin sizes and loca-
tions are identical. The median of each distribution is
shown with a vertical dashed line with the appropriate
color.
Table 4. Summary of Light Curve Data
KOI Long-Cadence Short-Cadence
# of days # of days
314 373 908
463 1124 175
961 591 685
1702 1272 0
1725 317 243
2453 1303 0
2704 561 24
2705 763 0
Another complicating factor is varying quantities of
short-cadence photometry between single- and multi-
planet systems. As detailed in Van Eylen & Albrecht
(2015), changing e and b can have similar effects on the
shape of the transit ingress/egress, especially for small,
close-in planets like those studied here. It is therefore
difficult to resolve this degeneracy with long-cadence data,
as the effective integration times for long-cadence ('30m)
data are longer than the typical ingress/egress time (1-
10m). For reference, we report the number of days of
short- and long-cadence data for each system in Table 4.
The correlation between b and e can be seen our transit-
fit posteriors (Figure A.2). As expected, the two systems
with the most short-cadence data (Kepler-42 and Kepler-
138) show little or no correlation between these parame-
ters. However, this cannot fully explain the differences be-
tween multi-star and single-star systems. Kepler-1650 has
no short-cadence data, and Kepler-445 has only 24 days of
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Figure 6. Comparison of eccentricity posteriors for
Kepler-42bcd using just long-cadence data (red) or all
(long and short-cadence) data (blue). Bin sizes and lo-
cations are identical. The median of each distribution is
shown with a vertical dashed line with the appropriate
color.
photometry at short-cadence, yet both light curves yield
relatively tight eccentricity posteriors favoring e '0. Sim-
ilarly, Kepler-560 and 1651 both have significant amounts
of short-cadence data, yet show broader e posteriors fa-
voring higher values. We further tested this by fitting
Kepler-42bcd transit light curves using only long-cadence
data (including Kepler binned short-cadence data). We
compare the resulting eccentricity distribution in Fig-
ure 6. As with the comparison of fitting multi-planet
systems individually or jointly, using only long-cadence
data does broaden the posteriors, particularly for Kepler-
42c. However, the overall effect is small compared to the
difference between the eccentricity posteriors of single-star
and multi-star systems. We likely benefit from the short
period of the exoplanets considered; over many transits
Kepler photometry will sample different fractions of the
ingress/egress, providing some constraints on the transit
shape even if individual long-cadence points provide little
to none.
Our fits do not take into account the fact that eccen-
tric planets are more likely to transit, which drives the
observed eccentricity distribution of transiting planets to
larger values than the true distribution (Kipping 2014a,b).
We test this effect by re-running Kepler-445 and Kepler-
560 (one single-star system and one in a binary), including
approximate expressions for the priors on ω and e from
Kipping (2014a). The resulting posteriors on e did not
change significantly (statistical mode changed by < 0.02),
but the net result was a marginally larger discrepancy
between the e values for planets in the single compared
to the binary system. This suggests that the effect is
negligible for our analysis, given the small number of sys-
tems. However, these changes could become significant
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for analyses on larger samples, and hence should be taken
into account for future studies.
6. FALSE-POSITIVE ANALYSIS
Five of the eight systems investigated here are already
confirmed planets, while the other three are still con-
sidered planet candidates (Kepler-1651, 1652, and KOI-
2453). However, the more precise stellar and transit
parameters, and the addition of recently published adap-
tive optics data significantly improves the false-positive
probability (FPP) calculations.
We determine the FPP for these three systems using
the VESPA software (Morton 2012, 2015). To briefly
summarize, VESPA calculates the FPP by comparing
the likelihood of astrophysical false positives (background
eclipsing binaries, bound eclipsing binaries, and hierarchi-
cal eclipsing systems) to that of a planet, using constraints
from the transit shape and depth, properties of the star,
and external constraints from high-resolution imaging
(where available). We included stellar, transit-fit parame-
ters, and flattened light curves as described in Sections 4
and 5. For the imaging, we added in results from Kraus
et al. (2016), which include contrast curves from adaptive
optics imaging and non-redundant masking for all three
systems considered here.
The resulting FPP probabilities are 8.7× 10−6, 4.8×
10−6, and 3.0 × 10−2 for Kepler-1650, 1651, and KOI-
2453, respectively. This confirms the planetary nature
for Kepler-1650 and 1651. The light curve of KOI-2453
has a short duration, which is only marginally resolved
in the long-cadence data. Hence it is possible to fit the
curve with a V-shaped eclipse indicative of an eclipsing
binary. The planet hypothesis is still favored (97% to
3%), as it provides a much better fit to the light curve,
but this does not meet the threshold for validation, and
the system remains a planet candidate.
Nearby companions to KOI-2453 and Kepler-1651 do
not affect these calculations. KOI-2453B falls outside
the Kepler aperture and cannot affect the transit signal.
Kepler-1651B falls within the aperture; however, the
separation is large enough to rule out the companion using
the difference image (flux out-of-transit − flux in-transit
Batalha et al. 2010a). The centroid of a difference image
is a measure of the location of the transit. For Kepler-
1651AB the difference image centroid matches the primary
location to within 0.′′5 for all quarters (comparable to
position and proper motion errors), but agreement with
the companion is no better than 3.′′5 for the entire Kepler
mission1. This confirms that the transit signal comes
from the primary for both systems, and that companions
can be ignored for FPP calculations.
7. DISCUSSION OF INDIVIDUAL SYSTEMS
1 Kepler-1651 Data Validation report.
Kepler-138 (KOI-314) is a bright (KP=12.9) star
with three small planets, which has made it the subject of
significant follow-up and analysis (e.g., Pineda et al. 2013;
Kipping et al. 2014). The planets show significant transit
timing variations (Swift et al. 2015), making it possible
to constrain the planet masses (e.g., Jontof-Hutter et al.
2015; Hadden & Lithwick 2016). Our derived ρ? is ' 30%
smaller than the value in Jontof-Hutter et al. (2015),
although the difference is not significant given the large
errors (23%) determined by Jontof-Hutter et al. (2015).
Our revised ρ? provides a significantly tighter constraint
on the eccentricity of these planets, suggesting values
close to zero, which, when combined with our improved
stellar parameters should provide more precise constraints
on the TTV-based masses of the three planets.
Kepler-560 (KOI-463) is a wide companion (40′′,
4000 au) to KIC 8845251 with a single transiting planet.
It is the second-largest planet in the sample (third if
Kepler-1319 orbits the fainter component) at 1.93R⊕.
The transit duration suggests a non-zero e at ' 2σ, allow-
ing e'0 only if |b| & 0.6. This degeneracy between b and
e can be mitigated significantly with higher-cadence data,
but Kepler-560 has only two quarters of short-cadence
observations with Kepler. The star is too faint (V ' 16)
and the transit too shallow ('3mmag) for ground-based
follow-up at sufficiently high cadence.
Kepler-42 (KOI-961) is a cool (Teff=3269±19K) star
with three sub-Earth size planets, discussed extensively
in Muirhead et al. (2012b). At just 40 pc, this is both
the closest star in our sample, and one of the closest
planets in the Kepler sample as a whole. The parallax-
based stellar parameters for this system agree well with
those from Muirhead et al. (2012b), who used Gliese 699
(Barnard’s Star) as a proxy to derive R? and hence RP
for the three planets. The agreement between the two
results is a strong validation of this method of stellar
characterization by proxy, often used for cool dwarfs that
lack trigonometric parallaxes (e.g., Ballard et al. 2013;
Muirhead et al. 2015). We discuss this system in more
detail in Section 8, where we outline how Kepler-42 can
be used to measure precise stellar parameters of late-type
stars.
Kepler-1651 (KOI-1702) is the only single-
transiting system in our sample with an eccentricity pos-
terior indicating e ' 0 (statistical mode = 0). Like the
other low e systems, it has no stellar companion. Kepler-
1650 does not undergo significant TTVs indicative of
additional, non-transiting planets (Swift et al. 2015), al-
though this only rules out a narrow range of parameter
space (e.g., planets near orbital resonances). This could
be a dynamically cool multi-planet system where the
other planets happen not to transit. More distant planets
could easily be missed even in systems with ' 0 mutual
inclination depending on our line of sight and the orbital
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architecture.
Kepler-1651 (KOI-1725) has a single transiting
planet and a companion star at modest separation (4′′,
280 au). Like Kepler-560, the transit duration is signifi-
cantly discrepant from the expected value for e = 0 and
b = 0. Zero eccentricity is not ruled out, but is only
possible if b > 0.55. At lower impact parameters, e ' 0.2
is favored. Also like Kepler-560, the planet is one of the
largest in the sample (1.84R⊕).
KOI-2453 falls in the same category as Kepler-560
and 1651, with a wide companion (11.′′7, 1500 au), and
a transit duration indicative of e > 0. The target has
no short-cadence data, and the transit duration is short
(∼40 minutes) compared to other systems in our sample.
The resulting constraint on e is poorer than other targets
in the sample, with e values as large as 0.8 allowed. Poor
sampling is also the reason we cannot statistically confirm
this is a planet; a poorly resolved transit looks similar to
the eclipse of a tightly orbiting companion.
Kepler-445 (KOI-2704) is one of a set of ‘compact
multiples’ (a densely packed multi-planet system) as dis-
cussed in (Muirhead et al. 2015), the others being Kepler-
42 and Kepler-446. The transit analysis presented in
Muirhead et al. (2015) was based on a Kepler light curve
with incorrect corrections for stellar contamination (see
Dalba et al. 2017). As a result, our planet radii are
significantly smaller. However, Kepler-445bcd are still
some of the largest planets in the sample considered here,
possibly because the star is one of the most metal-rich
([Fe/H]' 0.3). As with Kepler-42, these planets may
be useful as a test of late-type stellar parameters. The
lack of TTVs, despite much larger (and likely more mas-
sive) planets than Kepler-42bcd, suggests low e for all
three systems, although external arguments (e.g., N -body
simulations) could provide more quantitative constraints.
Kepler-1319 (KOI-2705AB) has a single known
transiting planet as well as a tight (1.′′88, 205 au) stellar
companion. Because Kepler pixels are '4′′ wide and each
aperture is several pixels, it is difficult to confirm around
which star the planet orbits. Gaidos et al. (2016b) argue
that the planet likely orbits the companion, based on a
comparison between the transit-fit and spectroscopic den-
sities. However, Gaidos et al. (2016b) caution that this
conclusion assumes e ' 0, and that the planet could orbit
the primary with e &0.2, consistent with our own anal-
ysis. Centroid offsets between the in- and out-of-transit
light curves can constrain the position to <1′′ (Borucki
et al. 2010; Bryson et al. 2013). This is complicated by
Kepler-1319AB’s large proper motion (' 140mas year−1),
although the primary is marginally favored. If the planet
orbits the companion, it corresponds to a planet radius
of 2.9+0.5−0.4R⊕. Planets with RP > 2R⊕ are rare around
stars with M? < 0.3 (while Kepler-1319B is 0.17M?), due
to a trend of decreasing planet radius with stellar mass
(Gaidos et al. 2016b; Dressing & Charbonneau 2015). The
only known exceptions are GJ 1214b (Charbonneau et al.
2009) and K2-25b (Mann et al. 2016). So while the pri-
mary star is more likely (and assumed for our analysis),
the parentage of this planet remains unproven.
8. WHEN ECCENTRICITY IS KNOWN: TESTING
STELLAR MODELS WITH KEPLER-42
Muirhead et al. (2012b) argue that e ' 0 for all three
planets orbiting Kepler-42, as the age of the star is much
greater than the tidal circularization timescale for each
of the planets. If e = 0 for all three planets, Kepler-
42 is a useful test of evolutionary models, as there are
only a few empirically well-characterized systems as cool
(Teff=3269K) and metal-poor ([Fe/H]=-0.5) as Kepler-42.
Because it is a multi-transiting system, the transit-derived
ρ? derived by locking e to zero could rival the precision
provided by similarly cool eclipsing binaries (e.g. Feiden
& Chaboyer 2012) and long-baseline interferometry (e.g.
Boyajian et al. 2012; Kane et al. 2017). Combined with
our parallax, this system could provide constraints on the
mass-luminosity relation (Benedict et al. 2016) or radius-
luminosity relation (Mann et al. 2015) for mid-M dwarfs.
Our transit-fit is consistent with e = 0 for all three
planets, but higher e values are not ruled out. Further,
the tidal circularization argument presented in Muirhead
et al. (2012b) does not account for eccentricity maintained
by planet-planet interactions (forced eccentricity). As an
additional test, we ran a series of N -body simulations
of the system using the Mercury 6 software (Chambers
1999) with the included Bulirsch–Stoer integrator. The
goals were twofold: (1) to test the expected TTV signal
assuming a non-zero e for any planets, and (2) to see if
the forced eccentricity values are significantly non-zero.
We assumed a stellar mass from our stellar parameters
derived in Section 4, and orbital parameters from our
transit fits (Section 5) with the exception of e and ω. The
masses of the three planets were fixed at values derived
using our radius values and the mass-radius relation from
Weiss & Marcy (2014). For each simulation we assign e
values to the individual planets from 0 to 0.2 in incre-
ments of 0.05. For each unique set of e values we run 10
different simulations with randomly assigned ω values for
all planets. Simulations are run for 500 orbits, except for
the cases where e = 0 initially for all planets, which we
run for 5000 orbits.
For our long run starting at e = 0, low-eccentricity
values are maintained throughout the simulation, suggest-
ing forced eccentricity values of < 0.01 for all planets,
assuming tidal dampening removed any initial eccentric-
ity. The shorter runs with non-zero eccentricities also
suggest low eccentricities for all planets. Following Mann
et al. (2010), we used the simulation output to measure
any deviation from the expected transit time. All simula-
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Figure 7. Transit timing variations for Kepler-42b mea-
sured from short-cadence photometry. Partial transits
and those with flares or other data artifacts were manu-
ally removed. A typical error on the transit time is shown
in red. A linear ephemeris is shown as a red dashed line
for reference. Measured times are taken from Swift et al.
(2015), and calculated times from our updated fits.
tions with e ≥ 0.1 produce TTV amplitudes > 3 minutes,
which is ruled out observationally by Swift et al. (2015).
We show an example TTV measurement for Kepler-42b
in Figure 7. Combinations of e = 0.05 can create TTVs
below detection in the Kepler data, and hence cannot
be ruled out from the lack of TTVs alone. We conclude
that the e of all planets must be < 0.1, and . 0.01 if our
assumptions about tidal dampening are valid.
Motivated by the tidal dissipation arguments from Muir-
head et al. (2012b) as well as our N -body simulations and
the lack of TTVs, we refit the transits of Kepler-42, this
time fixing
√
e sin(ω) and
√
e cos(ω) to zero, and with a
uniform prior on ρ?. Otherwise this fit is unchanged from
what is described in Section 5. We compare the output
ρ? value from this fit to estimates from the M? −MKS
relation of Benedict et al. (2016), the R? −MKS relation
from Mann et al. (2015) (see Section 4), and the value
predicted by the DSEP models. For the DSEP value,
we consider models with [α/Fe] = 0 and age > 3 Gyr
(Muirhead et al. 2012b). We then interpolate (bilinear)
our [Fe/H] and L? posteriors (Section 4) for Kepler-42
onto the model grid, yielding a corresponding posterior
on ρ?. Exploring model ages down to 1 Gyr and [α/Fe]
within 0.2 dex of solar do not significantly change the
results, nor does using higher-order interpolation.
We show the DSEP ρ?−L? sequence for different metal-
licities alongside the L? and transit-fit ρ? for Kepler-42
and our empirically calibrated values in Figure 8. The
transit-fit ρ? agrees remarkably well with the more em-
pirical methods results despite no external constraint on
ρ?. The DSEP values, however, yield a ρ? '22% higher
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Figure 8. Top: DSEP model tracks of L? vs. ρ? for
different metallicities, with the parallax-based L?, transit-
based ρ?, and corresponding errors for Kepler-42 shown
as a black point. While the more empirical estimate
matches the [Fe/H]=0 isochrone, Kepler-42 is metal-poor
([Fe/H]=−0.5). Models are restricted to >3Gyr and
[α/Fe]=0. Bottom: posteriors for ρ? from the transit-fit
(black), empirical calibration from nearby stars (orange),
and DSEP model (teal, matching [Fe/H]=-0.5 on top
panel).
than that derived from the transit. Examination of the
model interpolation indicates that this discrepancy is en-
tirely due to a model radius '6% smaller than empirical
measurements for this luminosity (the predicted mass
is consistent to 0.5σ), or a model Teff too hot by '2%.
This is consistent with earlier studies comparing M dwarf
evolutionary models to empirical determinations of mass,
luminosity, and radius (e.g., Boyajian et al. 2012; Zhou
et al. 2014). However, errors in both the transit-fit and
model ρ? are '10%, so the resulting difference is only
2.1σ.
9. SUMMARY & DISCUSSION
As part of the Hawaii Infrared Parallax Program, we
measured trigonometric parallaxes and proper motions for
eight M dwarfs with transiting planets discovered by the
Kepler mission. We used this astrometry to identify com-
panion (primary for Kepler-560) stars to four of the planet
hosts. We also used our parallaxes to derive updated stel-
lar parameters for all eight targets and the four associated
stars. We compared our parallax-based stellar parame-
ters to those previously derived using moderate-resolution
spectroscopy. Our stellar parameters are generally more
precise and accurate than spectroscopic values, in part
because of lower sensitivity to [Fe/H] when the distance
is known. We found the best agreement between our
parallax-based values with R? from Newton et al. (2015)
and Teff from Mann et al. (2013b), although reasonable
agreement is found for all three studies to which we com-
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pared (Mann et al. 2013b; Muirhead et al. 2014; Newton
et al. 2015) given known errors and systematics in the
methods used.
We refit the transits of each of the eight planetary sys-
tems using the full mission of Kepler data (short- and
long-cadence). While many of these systems have been
investigated previously (e.g., Swift et al. 2015; Muirhead
et al. 2015), this is the first to directly investigate the
eccentricity of these planets using the transit light curve
and our derived ρ?. Because stellar parameters are gener-
ally poorly constrained for M dwarfs, this has only been
done previously on a few extremely well-studied, nearby
M dwarfs (e.g., Anglada-Escudé et al. 2013; Biddle et al.
2014). Our revised transit fits are generally consistent
with, but more precise than, previous determinations.
The resulting e constraints vary based on the quality of
the light curve; in particular, multiple quarters of short-
cadence data significantly improved the constraints. The
best constrained systems (Kepler-138, 42) have e values
known to ±0.1, which is rare to achieve without radial
velocity constraints.
Five of the eight systems are already considered con-
firmed planets. We ran the other three through the
VESPA software with the goal of confirming their plane-
tary nature. We find FPP below 1% for two of the three
systems, effectively confirming their planetary nature.
However, the analysis of KOI-2453 yielded a larger FPP
(3%) and hence remains a planet candidate.
For Kepler-42bcd, we argue that e ' 0 based on the
lack of TTVs, our own simulations, and tidal dissipation
arguments presented in Muirhead et al. (2012b). This
is consistent with our transit fits, which suggest low e
values for all three planets. Thus we refit the transits
of Kepler-42bcd with e fixed at zero, but replace our ρ?
prior with a uniform one. The resulting ρ? accurately
reproduces our assigned stellar parameters derived from
empirical relations of nearby stars, but is 2.1σ less dense
than predicted by the DSEP models. We attribute this
discrepancy to a larger radius (hence smaller density for
a fixed mass) than predicted by the models, consistent
with earlier findings.
The Kepler-42 result is a useful case for testing stellar
models because it is below the fully convective boundary
(Chabrier & Baraffe 1997), metal-poor ([Fe/H]' −0.5),
and has a light curve of sufficient baseline and precision to
place constraints on the spot coverage. This combination
is a rare for stars with precise empirical constraints on
their radii and/or masses. Disagreement between model
and empirical radii of M dwarfs has often been attributed
to spots and magnetic activity, in particular to explain
inflation seen in low-mass eclipsing binaries (e.g., Mul-
lan & MacDonald 2001; Kraus et al. 2011; Spada et al.
2013). However, the presence of similar inflation in single,
inactive stars, raises questions about this interpretation
(e.g., Spada et al. 2013; Mann et al. 2015). While still
only a 2σ discrepancy, the variability in Kepler-42’s light
curve is < 1%, suggesting that activity is not entirely
responsible for the disagreement with models. Assum-
ing a Gaia-precision parallax (with the value unchanged)
this result will become > 3σ, mainly because of a tighter
model posterior, but also because of improvements in the
limb-darkening prior to the transit fit.
One suggestive trend in the resulting transit fits is that
the four single stars (Kepler-138, 42, 445, and 1650) all
have e posteriors favoring e ' 0 see Figure A.2), with
significant tails at higher e values. The stars with com-
panions are reversed, with e posteriors favoring non-zero
values, but each exhibit a tail that makes e = 0 impossible
to rule out (see Figure A.2). The eccentricity distribution
is best fit by two Rayleigh distributions with σ = 0.05 for
the single-star systems and σ = 0.25 for the multi-star
systems. This model is strongly favored (Bayes factor =
11) over a single distribution with σ = 0.05, as found for
small planets by Van Eylen & Albrecht (2015). However,
it is only weakly favored (Bayes factor = 2.7-3.3) over a
single distribution with σ = 0.08. Further complicating
the matter, there are data-quality differences between the
two samples (e.g., amount of short-cadence data, number
of planets) that could slightly bias the results, and this
depends on the assumption that Kepler-1319b orbits the
primary star. So we consider the relation between plane-
tary eccentricity and stellar multiplicity highly suggestive,
but we require a larger sample to disentangle between
these two scenarios conclusively.
It is possible that our “single-star” systems have un-
detected companions. However, for the distances of our
targets, adaptive optics imaging available for all systems
from Kraus et al. (2016) rules out all but the faintest
companions (brown dwarfs) beyond '10 au, and most
companions down to ∼ 3 au. Equal-mass companions
are also ruled out at tight separations by the agreement
between our distance-based parameters and spectroscopic
parameters; an equal-mass companion would make the
star appear brighter, but have a minor effect on the spec-
troscopy. Even low-mass tight companions are unlikely,
as these are known to suppress the formation or survival
of planetary systems (e.g., Quintana et al. 2007; Kratter
& Perets 2012; Wang et al. 2014; Kraus et al. 2016). We
conclude that is is unlikely that missed companions are
diluting the comparison.
If real, this trend would suggest that single-star systems
are dynamically cooler than those in multi-star systems.
Consistent with this, three of the four single-star systems
are multi-planet systems, while the four stars with de-
tected companions have only a single transiting planet
detected. This could be due to a correlation between
the number of planets in a system and their eccentric-
ity (Limbach & Turner 2015), or a correlation between
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eccentricity and mutual inclination (e.g., Dawson et al.
2016; Moutou et al. 2017), such that additional planets
in multi-star systems are present, but do not transit.
A connection between e, binarity, and mutual inclina-
tion is also predicted by other theoretical and observa-
tional considerations. High-resolution imaging and radial
velocity studies of the Kepler field have shown that tight
(<100 au) binaries suppress planet formation and/or sur-
vival (e.g., Wang et al. 2015; Kraus et al. 2016). Even
relatively wide binaries can have their orbits change due
to interactions with passing stars, facilitating angular mo-
mentum exchange with the planetary system and driving
planets to higher eccentricities and mutual inclinations or
ejecting them from the system completely (e.g., Haghigh-
ipour 2006; Kratter & Perets 2012; Kaib et al. 2013).
Binary companions also have a significant impact on
the formation of evolution of protoplanetary disks (e.g.,
Haghighipour & Raymond 2007; Andrews et al. 2010)
and hence the final planetary system. Moderate- to wide-
separation (>100 au) binary companions could partially
explain the overabundance of Kepler systems with only
a single detected planet (the Kepler dichotomy; Ballard
& Johnson 2016; Moriarty & Ballard 2016). Thus the
connections between stellar multiplicity and planetary
properties seen here, while not yet statistically significant,
could be critical to understanding the evolution and di-
versity of planetary systems, and warrant study with a
broader sample.
Thanks to upcoming results from the Gaia and TESS
missions, we will soon be able to expand the sample
of planetary systems considered as well as improve the
precision on individual systems. Gaia parallaxes will pro-
vide parallaxes with . 100µas precision for all M dwarfs
observed by Kepler (de Bruijne 2012), including &100
systems with known transiting planets. Using Kepler-42
as an example, if we assume that our parallax value is
unchanged, but with Gaia-like errors (100µas), the dif-
ference between the model and empirical parameters will
grow to 3.8σ.
External constraints on ρ? from the parallax will also
significantly improve enabling tighter constraints on ec-
centricity from the transit fits. With Gaia parallaxes,
stellar parameters will be limited primarily by the un-
derlying M?-MKS or R?-MKS relations from which they
are derived. Assuming no improvements in calibration,
these generally give M? and R∗ to 2-5%, or ρ? to 6-15%.
Assuming that the systems studied here are represen-
tative, the massive increase in sample size provided by
Gaia will be more than sufficient to determine the overall
eccentricity of small planets around M dwarfs to better
than 0.1.
Similarly, the TESS mission will identify transiting
planets statistically closer and brighter than those found
by Kepler. TESS will also observe >200,00 stars at one-
minute cadence2, including a large number of M dwarfs.
Such short-cadence data will be critical to accurately
determine impact parameter and transit duration. Com-
bined with Gaia proper motions to identify any faint
stellar companions, this dataset will be ideal to study the
interplay between eccentricity, planet multiplicity, and
the presence of stellar companions.
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Figure A.1:. Relative astrometry for each object as a function of their Julian year. Within each figure, the top panel
shows δ (yellow diamonds), the middle α (green squares), and the bottom the residuals for both, with the RMS of the
fit noted. We fit proper motion and parallax simultaneously; however, the proper motion has been removed from these
plots for simplicity. Each figure represents a different object, including ’B’ components for confirmed binaries.
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Figure A.1:. Continued
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Figure A.2:. Posteriors and correlations for RP /R?, b, e and ρ? for all systems. Gray regions surround 68%, 95%, and
99.7% of the data points (1, 2, and 3σ for Gaussian distributions) from darkest to lightest. Values of b tend to be
symmetric around zero, so the absolute value is shown. The red dashed line indicates the statistical mode, and the
dotted-dashed blue line the median. Planet names are shown in the upper right corner. Axis ranges are selected to
exclude the most extreme 0.1% of points to make the remaining points more clear, so some contours are cut on the
edges. Note that e is not fit in the MCMC, but calculated from the
√
e sin(ω) and
√
e cos(ω) distributions.
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Figure A.2:. Continued
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Figure A.2:. Continued
